One contribution of 24 to a discussion meeting issue 'The challenges of hydrogen and metals' . This is a transcript of the discussion session on the effects of hydrogen in the non-ferrous alloys of zirconium and titanium, which are anisotropic hydride-forming metals. The four talks focus on the hydrogen embrittlement mechanisms that affect zirconium and titanium components, which are respectively used in the nuclear and aerospace industries. Two specific mechanisms are delayed hydride cracking and stress corrosion cracking.
Question 3

Dave Rugg
Suppose we have a fracture surface of either titanium or zirconium; if a {1017} surface is glistening, can it be assumed that this fracture was caused by hydride?
Ben Britton I have no idea because the macroscopic platelet orientation is related to the stacking of the plates in a stress-free environment.
But it seems to be a remarkable coincidence that there is often a {1017} fracture which is not hydrided. It is compelling to make that leap but do you think that it is a reasonable leap?
Ben Britton I dislike the concept of relying solely on hydrogen as the answer to our problems. Therefore, I would be very careful in making that observation.
Question 4
Adrian Sutton Lovely talk Ben. You showed at one point a twin inside one of the hydride particles. Do you think the mechanism of reorientation of the hydride plates is related to that twinning or is it some other mechanism at play?
Ben Britton
So particularly on this case -this reorientation -this is a packet reorientation rather than a plate reorientation.
Adrian Sutton I understand.
So the reorientation is to do with how you stack in the stress field; and effectively there are different strains in different directions as the consequence of getting the hydride to precipitate. So this structure is formed by an idea of trying to relax that stress state. So now you are superimposing the macroscopic stress state with this plate. Therefore there may be twinning involved, but typically the reorientation happens as a result of a thermal cycle to draw the hydrides back into solution and then re-precipitate. There is some memory effect which probably related to the dislocations and plasticity from the punch-out of these hydrides; although that is a controversial topic of discussion. So I think the reorientation is principally related to the packet strain, and therefore the stress of that rather than the twinning structure.
Adrian Sutton
But do you think it is necessary for the whole packet to dissolve and then re-precipitate?
Ben Britton
Considering the length scale of, say, a 100 µm or so, you need to have significant movement of the hydrogen. But it does move very fast once it is in solution.
Adrian Sutton
It could possibly be surface diffusion or something like that.
Ben Britton
No, this process just happens very fast in the metal.
Question 5
David Dye
Weekes et al. [1] and Colas et al. [2] have shown that the texture of hydrides does not change very much on thermal cycling -so reorientation is a change in the morphology of how nanometrescale hydride platelets stack into a micrometre-scale hydride packet, in order to accommodate the applied macroscopic stress field. The transformation strain on precipitation is being used to do so. is interesting in the Weekes paper that Vassili Vorontsov observed nanometre-scale twinning within hydrides that had been deformed, which of course would give a texture change -and small texture changes are in fact observed.
Question 6
Mike Finnis I just wanted to ask if you could discover anything about the correction to the phase diagram through this work?
Ben Britton
There is a gap between the dissolution and precipitation of the hydrides [?] , and that is related to the strain field. And so some of this will have an influence on this phenomenon, which is related to how the hydrides are evolving. And that gap is really important in terms of creep and hydride cracking as well as a few other bits and pieces. So there is a significant gap between those two: the dissolution and the precipitation.
Question 7
Mitesh Patel Thanks Ben for that excellent talk. I just want to ask again about the stacking of the plates as shown in figure 1 . The micro-hydrides form on preferred habit planes but the stacked macroscopic hydride featuresthey form to accommodate the global stress of the system. Is that what you're saying?
Ben Britton
The transformation strain, more formally, but yes, you are correct.
Mitesh Patel
So how exactly does one particular configuration of hydrides change when you change the strain of the system?
Ben Britton
The key bit that you have in delayed hydride cracking which is where this reorientation happens is that there is a thermal cycle so you enable dissolution and re-precipitation.
Mitesh Patel
Regarding the mechanism, do you see individual platelets sliding along?
Ben Britton
No. So you dissolve so you have a solid phase going into solution. You have the strain field which is going to give rise to the potential for the precipitation -it precipitates, the strain relaxes, and the next one precipitates effectively to reduce the overall potential of that system. So you've now gone from solid phase hydrides into solution, and then you're re-precipitating out a new set of solid hydrides. 
Mike Finnis
So the reorientation is diffusion.
Ben Britton
Yes. It is diffusion-controlled but diffusion is really fast. So diffusion is one bit but it is the strain field and the transformation strain that give rise to that reorientation.
Mitesh Patel
Do the packets form in essentially the exact same or very similar locations to where they originally were?
Ben Britton
No. You have to have nucleation sites. And there are arguments about the nucleation sites. One of the hysteresis that we see is likely related to the deviatoric strain associated with the punch-out of dislocations. So that is likely to give you a nucleation site which kicks off so you see a repeat precipitation of those hydride packets in that place. But the presence of the strain state can then change the subsequent reprecipitation of the packets, which gives rise to the reorientation. And there are other bits like the second phase particles (SPPs) and other mess in the system which will change and give you different nucleation sites.
Question 8
Daniel Haley
So you are saying that it is an effect of the dissolution and reprecipitation which is causing the reorientation. If that is the case, what is the relationship between the X-ray results where you observe a reorientation from the crystal transformation? -Is that just a size effect?
Ben Britton
So the reorientation -that is related to a deformation so it is the shear within the material that in the presence of the hydride packet is then giving you a twin mode operating to accommodate the plastic deformation. So this is the question that we're trying to ask: ahead of a crack tip, if you have a major shear going forward, how is it going to interact? And the traditional thing you do is to pop them open. But what we've seen instead is you can have effectively plastic deformation within the hydride platelet.
Daniel Haley
So you expect that to be growing at the crack tip?
Ben Britton
Yes or subject to a deformation mode. But it is just saying that the subtleties of what is happening in that fracture process are not just that the plates are peeling open. There are other classic dissipation modes within that plate itself.
Solute hydrogen and hydride phases implications on the plasticity of zirconium and titanium alloys: a review and some recent advances for the basal slip? -So you have talked specifically about the screw dislocations moving on the prism slip plane and the collapse of the core required for this propagation; what do you think will happen as the screw dislocations move on the basal plane?
Xavier Feaugas
It depends on the temperature. Your question is very broad. We have presented the evolution of the activation volume in different regimes; and we do not have the same situation for each regime. For the low temperature regime, probably oxygen does not diffuse and the problem is only that the screw dislocation is piling by oxygen for specific distance. The oxygen content defines the jump distance; the consequence of this is that we have an activation volume which increases or decreases as a function of the oxygen content. 
Ben Britton
In the Zircaloy-4, we have the SPPs distributed. We know that they have a very important role in the electrochemistry in the oxide formation and the corrosion resistance. It is also likely they have a role in the hydrogen transport in the material itself and effectively traps.
Xavier Feaugas
Is your question about the implication of the oxygen on the diffusion of hydrogen?
Ben Britton
No, it is about the the secondary phase particles.
Xavier Feaugas
We have shown that the two components promote the formation of c loops, and I am not sure that the interaction of hydrogen on this precipitate or phase can modify the process. And I think it is very interesting to perform an observation around this particular inclusion and after hydrogen charging and question that under irradiation. But on the plasticity, I am not sure it is important.
Question 3
Tony Paxton So we have a dislocation that is freely gliding through a numberhalf a dozen -Peierls values and it gets trapped and stopped. So what is exactly happening here. What is going on? Why is it doing that?
Xavier Feaugas I have not performed molecular dynamics simulations of this process.
My only feeling about this is that when we decrease or increase the oxygen content, this distance -the jump distance -decreases. If there is dissolved oxygen then we expect recombination of the core and spread of prismatic slip. Then we find a new configuraton where without oxygen at the core the dislocation is locked. We would need a calculation to confirm that. 
Question 4
Mike Finnis
Can I ask about orientation relations? Because you mentioned there may be lot more to be discovered. Is that an important feature, do you think, to look for?
Xavier Feaugas
Are you referring to the hydrides?
Mike Finnis
Yes, orientation of the hydrides.
Xavier Feaugas
Sure, because we have many configurations where the hydride is developed with a different phase and different orientation, and this orientation implicates the specific elastic distortion around this phase. And this distortion is directly accommodated by the misfit dislocations; for each situation we have different misfit dislocations and this aspect is not very well investigated. We have some data but it is largely distributed so it is not clearly established.
The role of hydrogen in stress corrosion cracking: a titanium alloy case study 
Question 1
Tony Paxton This question is about the possible hydrogen enhanced localized plasticity (HELP) mechanism. From Xavier Feaugas's talk, we know that oxygen has a big effect on dislocation behaviour. Is it possible that what you are seeing is the effect of chlorine?
Tamara Chapman
It could be the effect we are seeing. STEM-EDX on FIB-TEM lift outs demonstrates chloride residing near the base of the oxide layer, thus providing convincing data that both oxygen and chlorine are involved in blue spot formation. There is no evidence to demonstrate the chlorine penetrating beyond the base of the oxide layer; see figure 2 for clarification.
Question 2
Mike Finnis I did have one thing I wanted to ask you about the STEM-EDX line analysis. The TEM EDX point analysis in points 1-4, as shown in figure 3a , seems to demonstrate the oxide layer is TiO 2 by the Ti:O ratio. Yet in the EDX scan depicted in figure 3b , there does not seem to be a correlation in the signals between the Ti and the O. What was the reason for that?
Tamara Chapman
The distance down through the blue spot is left-to-right along the 
Question 3
Edward Saunders I am from failure investigation and I work with Tamara. it is for industrial and academic collaboration. And in fact the life penalty savings by understanding this project amounts to around £50 million. So the cost saving is enormous. And it also affects our entire future of the alloy as Tamara suggested. Also I suppose I could ask a question regarding the fingerprint -how do you establish it was down to fingerprints?
Tamara Chapman
It is difficult to be certain where the salt deposits originated from; there were many discussions about operators failing to wear gloves after eating salty fish and chips for lunch, for example. It remains unresolved as to how or why the blue spot region (and the associated side face feature) is so small.
Edward Saunders
Yes. I mean you also have established the identity of magnesium and potassium, which is in human perspiration as well.
Tamara Chapman
Yes that is correct. In the slides, I have not shown all the EDX profiles for other salts (e.g. potassium, magnesium, etc.) as they were not as pronounced as sodium, but they did show a count elevation at the same position as the sodium species as depicted in figure 4.
Edward Saunders
And it is important as well in understanding that chlorine is a result of the chemical process which generates the hydrogen. But, as was proven by the FIB-SIMS, it was proven not to have arisen as a result of post contamination, which is a major problem in a failure investigation.
Tamara Chapman
The work that Richard Chater did to get the dual detector FIB-SIMS set up to be able to measure both the positive and negative ions simultaneously was crucial to the success of this project.
Question 4
Stephen Yue So did you try the simple experiment of sticking a fingerprint on the thing and learning whether it was the case? This seems to me the logical thing to do if £50 million is at stake.
Dave Rugg
Perhaps I can comment on that. So yes absolutely that does happen: it has been known for a long time, and remarkably the more the person conducts a test is aware of hot source stress corrosion, the worse the result will be. But the issue on this is it was quite unusual -it was not classic hot source stress corrosion cracking with multiple secondary cracks and such. It was essentially a mild version. And the burden of proof we had had to be very high so that the work was recognized. But it was quite an unusual one to properly nail down.
Question 5
Daniel Haley I had a quick question about the chemical reaction that you proposed. You proposed the formation of hydrogen chloride from the breaking down of the salts. But you are doing it at low pressure or reduced pressure -is that correct?
Tamara Chapman
Yes, the specimens were at atmospheric pressure and the component was at partial vacuum.
Daniel Haley
During those conditions, I would not expect to see water formation which would mean the hydrogen chloride would be in gaseous form. What is the mechanism for the hydrogen chloride separating and breaking into or penetrating into the sample? Hydrogen chloride should be a gas under those conditions; it would need to separate in order to penetrate into the microstructure. You would normally do that with water so it would become hydrochloric acid, and that would allow hydrogen to penetrate into the sample.
Tamara Chapman
This is one of the topics we have discussed a lot, because at these high temperatures, where is the moisture coming from? This is one of the areas within the paper [3] that is highlighted as requiring future consideration. Moisture may come from fluid inclusions within the salt.
Daniel Haley
Could you do the experiment where you actually backfill the chamber with hydrogen chloride gas to see if that was the case?
Tamara Chapman
Unfortunately I am no longer studying at the college [Imperial College London] and I am not sure whether Imperial College has the facilities to undertake the proposed experiment.
David Dye
There is a variety of follow-up work going on with Edward Saunders, Sudha Joseph, Trevor Lindley, and a new PhD student, Yitong Shi. The titanate has now been observed using STEM-EDX on a foil lifted out of a salted bend test sample, just with atmospheric moisture. Another way to go would be to perform the test without salt in a hydrogen chloride atmosphere. Remember this is hot, so the hydrogen chloride can be broken down by the titanium. But we have now observed the alloy chlorides. So we are narrowing in on the final parts of the mechanism chain and what I would really like to observe would be the hydrogen in the metal. But we have seen the change in dislocation mechanism in the sense you see prism slip band formation rather than a forest of dislocations with cross slip and lots of forest hardening. And that looks like a real difference between normal low cycle fatigue (LCF) and the blue spot condition, which makes you think that we do indeed have a change in mechanism here. Subsequently this takes you down the hydrogen enhanced localized plasticity (HELP) road if you get the localization. 
Question 1
Mary Ryan Now I think I mostly agreed with you. I think it is interesting that we have not really explored the delayed repassivation in crack tips and the role of actually having bare metals that allow ingress of hydrogen. And I think it is probably a more universal phenomenon than is thought about. This is not really my field but in the nickel work from the Canadian nuclear systems, that there is some attributed role to really small amounts of lead in the water, and what the lead potentially does is that it [under] deposits onto the crack surface which stops it repassivating. So the lead per se is not doing the cracking, but is delaying the passivation, allowing ingress of hydrogen. And I think there is some evidence now that this theory holds for these systems.
Dave Rugg
I think there is a huge amount of work to be done on that. I am thinking about having a go on titanium wear and corrosion, and I am indeed involved with Tony [Paxton] on some atomistics. But, just in terms of the whole nature of that race between the repassivation and the continuation of reaction, if you look through the data -particularly if you go back to the big old reports -it is really quite intriguing because you can see the trends quite clearly. And when you think about it in terms of the nature of the fracture of that oxide on the surface, a lot of stuff just really makes sense and falls into place. The other point I did not mention that is very important opposite hydrogen is that the stabilized trich [or trichloroethylene] is getting banned around the world. And one of main potential degrease for metals is perch [or perchloroethylene], which then reinvigorates the whole debate about halogen-based stress corrosion cracking because if you actually dig back through the records, nobody has ever said stabilized trich is stable with titanium. And it actually is not totally stable. So you then have that debate of what constitutes equivalence in terms of crack frequency given that it comes from a stochastic process.
Mary Ryan
I have just one comment on the chloride cracking: there is a big controversy in chloride cracking regarding whether it is ahead of the tip, and that is much easier to see than the hydrogen but it is still very controversial.
Dave Rugg
So just two more sentences on that point. First, I got involved with the nuclear guys on pellet cladding interaction and they have got two communities. It is just bizarre that they have got two communities. One group say it is all about the halogens and the corrosion, and they are absolutely adamant about this. fuel interacts with the clad and you get this situation. And it is actually strange the way this polarizes the community.
Question 2
David Dye
One thing to remember about chlorine in titanium is that it has nearly no solubility in solid Ti, which means the mechanism of halide corrosion cracking will be different in Ti to, say, iodine induced embrittlement in zirconium. For instance, one of the original reports in the US in the 1960s of stress corrosion cracking in titanium concerned the introduction of a trichloroethylene degreaser bath into the test laboratory, which gave rise to the inadvertent discovery of the chloride-induced stress corrosion cracking phenomenon.
Dave Rugg
We also did have one spin test: an elevated-temperature titanium spin test where we had a PTFE-coated thermal coupler overheating and we got very small partial pressure of fluorine. Well, this is not at all funny what happened the titanium test disc that we were testing. Normally, it goes like a very light blue optical interference, and this thing it had on the surface looked like 'Pringles', that is, a big sprawling oxide. So, yes, the hydrogen can be absolutely catastrophic.
Question 3
Eunan McEniry
This is more a comment but it was related to the bit of the discussion we had yesterday [4] : I think it was Mick Brown [actually George Smith] who made the point that in iron-based materials, understanding the interaction between hydrogen and carbon is probably very important. But it seems that in these materials, the interaction between hydrogen and oxygen might be very important.
Dave Rugg
Xavier's [Feaugas] talk gave a great insight into the hydrogen-oxygen interaction. One of the things that is really quite terrifying is if you go back and read that huge Conrad paper [5] , there is an underlying strain rate sensitivity, which is something absolutely inherent. If you normalize all hexagonal close-packed metals to quasi-static, they all fall on the same gradient; Ramesh did a beautiful paper on that [6] . What you find with the interstitials is that you get these huge variations in the strain rate sensitivity around the −100 to +150 • C range, which is exactly the range where hydrogen has its effects as well. You have the fact that your local stress states are changing, and one of the areas I am really keen to have a go at is the nature of the interstitial strength from oxygen at the fundamental level. I have been having a lot of conversations with the Berkeley group about this, and they have been doing some lovely work on it. Currently, there is a fair bit of work going on including Imperial, Oxford and Berkeley, looking at aluminium. You start looking at Ti 3 Al, and how oxygen interacts with that. I think the next step will be to look at how hydrogen interacts with it. Personally, I suspect it is probably in most titanium alloys as a second-order effect in comparison with what the BCC phase is doing for you. That would be my judgment, but I may well be wrong, so give it five years and I might have changed my mind.
